Introduction and background
A range of model studies show that the presence of the oceanic thermohaline circulation (THC) and its northward Atlantic heat transport produces a substantially warmer climate in western Europe than would otherwise be the case (Manabe & Stouffer 1988; Schiller et al . 1997; Vellinga & Wood 2002) . The THC consists of deep convection induced by surface cooling at high latitudes, sinking to depth, and upwelling of deep waters at lower latitudes, with horizontal shallow and deep currents feeding these vertical flows. The deep convection and sinking in the North Atlantic (in the Labrador and Greenland Seas) have no counterpart in the North Pacific Ocean, where northward heat transport is consequently much weaker. However, the Atlantic THC has not always been like today's. Palaeoclimate records indicate that abrupt change has occurred in the Northern Hemisphere, especially during and just after the last cold stage (Broecker & Denton 1989; Dansgaard et al . 1993; Broecker 2000) , with THC change as the most plausible mechanism. Similar changes might occur in the future. Model results suggest that the human-induced increase in the atmospheric concentration of CO 2 and other greenhouse gases will lead to a significant reduction in the strength of the Atlantic THC (Manabe & Stouffer 1993; Wood et al . 1999 ). This in turn will modify the projected rate and possibly the direction (cooling versus warming) of climate change over western Europe substantially. Furthermore, changes could occur rapidly, perhaps over as short a period as 10-20 years.
Such rapid climate change would make adaptation to, and mitigation of, the impacts exceedingly difficult for the affected countries. Therefore, it would be useful to estimate the probability of such changes. However, while most climate models indicate that there will be THC weakening, there is considerable spread between their projections (Cubasch et al . 2001) , and at least two models show no change at all (Latif et al . 2000; Gent 2001 ).
Thus, while there is a possibility that the North Atlantic THC will undergo changes that will result in substantial and rapid climate change for western Europe and Scandinavia, the probability of this occurring cannot be reliably quantified at present. To assess this probability, it is necessary also to understand other potential drivers of rapid change and the intrinsic variability of the climate system. Progress has been made in acquiring high-quality palaeo observations documenting past rapid climate change (Dansgaard et al . 1989; Alley et al . 1993; Koç Karpuz & Jansen 1992) and Holocene climate variability (Mann et al . 1998; Briffa et al . 2001 ). The challenge is to bring together the palaeo data and the climate models, in order to validate the models and develop estimates of uncertainty. This would improve our understanding of rapid climate change and of the intrinsic variability of the system, and test the models' abilities across a range of time-scales that exceeds the period of instrumental records. (McAvaney et al . (2001) summarize the current state of climate models and the use of palaeo data for model testing.)
Finally, it is important to note that present-day observations of the Atlantic THC (or, more precisely, of the meridional overturning circulation (MOC) of which the THC is the dominant component) are inadequate for detecting whether it is changing. Recent observations at a few key locations are suggestive of significant changes occurring in the North Atlantic. These include changes in the characteristics of the cold deep overflows (Hansen et al . 2001 ) and a freshening of the subsurface and surface waters (Dickson et al . 2002; Häkkinen 2002) . A weakening of the MOC may already be in progress, unnoticed.
Scientific challenges and the new NERC programme
In view of the above, the UK Natural Environment Research Council (NERC) has funded the RAPID programme to investigate and understand the causes of rapid climate change, with a main (but not exclusive) focus on the role of the Atlantic Ocean's THC. Using present-day observations, palaeo data and a hierarchy of models, RAPID is intended to improve understanding of the roles of the THC and other processes in rapid climate change, and of the global and regional impacts of such change. Thus, the ability to monitor and predict future rapid climate change, particularly in the North Atlantic region, will be enhanced. The scientific challenges are encapsulated in the programme objectives, defined by the RAPID scientific steering committee, which are (1) to establish a pre-operational prototype system to continuously observe the strength and structure of the Atlantic MOC;
(2) to support long-term direct observations of water, heat, salt and ice transports at critical locations in the northern North Atlantic, to quantify the atmospheric and other (e.g. river run-off, ice sheet discharge) forcing of these transports, and to perform process studies of ocean mixing at northern high latitudes;
(3) to construct well-calibrated and time-resolved palaeo data records of past climate change, including error estimates, with a particular emphasis on the quantification of the timing and magnitude of rapid change at annual to centennial time-scales; (4) to develop and use high-resolution physical models to synthesize observational data;
(5) to apply a hierarchy of modelling approaches to understand the processes that connect changes in ocean convection and its atmospheric forcing to the largescale transports relevant to the modulation of climate;
(6) to understand, using model experimentation and data (palaeo and present day), the atmosphere's response to large changes in Atlantic northward heat transport, in particular changes in storm tracks, storm frequency, storm strengths, and energy and moisture transports;
(7) to use both instrumental and palaeo data (see 1-3) for the quantitative testing of models' abilities to reproduce climate variability and rapid changes on annual to centennial time-scales and to explore the extent to which these data can provide direct information about the THC and other possible rapid changes in the climate system and their impact;
(8) to quantify the probability and magnitude of potential future rapid climate change, and the uncertainties in these estimates.
These objectives are clearly interlinked. The ability to predict climate change (8) is predicated on understanding the current state of the climate (particularly a key component like the THC; 1 and 2) and past changes in climate (3), on developing models to investigate the THC and climate (4), on using the models to understand how the system works (5 and 6) and to test the response of the whole system (7). RAPID has been funded by the NERC at a level of £20M (ca. $30M) over a period of six years. The first funding decisions were made in November 2002, with studies beginning early in 2003. Table 1 lists the principal investigators (PIs), their institution and the titles of the funded projects. It is not possible here to go into a detailed description of all the projects funded, but they cover a range of palaeo and present-day observations, modelling and statistical methods applied to the problem of rapid climate change. Many of the projects also seek to bridge the 'gaps' between palaeo data, present-day observations and models, and some of the projects are directly complementary (for example, those of Bacon and McCave will both carry out studies at the Eirik Drift, linking present-day and palaeo observations). Taken together with the MOC monitoring projects (see below) the aim is to achieve a comprehensive and integrated view. These projects are the result of the first funding round and RAPID will be issuing further Announcements of Opportunity. These will aim to ensure that the work being carried out addresses all the programme objectives fully and to enhance integration between the different funded projects.
In this short paper, the focus (see § 3) will be on observational studies funded to design and implement a prototype Atlantic MOC monitoring system, a key aspect of the RAPID programme (objective 1). These studies compose ca. 25% of the programme budget and therefore are a major component of RAPID. The eventual aim An observing system for meridional heat transport variability in the subtropical North Atlantic.
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of these studies is to develop a cost-effective means of operationally monitoring the Atlantic MOC that would provide an 'early warning system' for future changes. Given the scale of the problem, RAPID is actively involved in promoting international collaboration. A key collaboration, arising from discussions between the prime ministers of the UK and Norway, is with the Norwegian Ocean Climate project (NOClim, see http://www.noclim.org). With regard to monitoring the Atlantic MOC, collaboration has been established with the National Science Foundation (NSF) in the USA.
On a broader front, RAPID will contribute to and work with both ASOF (Arctic Subarctic Ocean Fluxes, see http://asof.polar.no and http://psc.apl.washington.edu/ search/ASOF.html) and CLIVAR (http://www.clivar.org).
Observing changes in the Atlantic MOC
For this part of RAPID, close collaboration has been established between the NERC and NSF, including a joint review of proposals. NSF is funding observations in the North Atlantic that will help to address the first RAPID science objective on monitoring the MOC (see table 1 for a list of the NSF-funded projects that are complementary to the RAPID ones; note that the studies of Johns and Marotzke and of Toole and Hughes are linked). Here the three NERC-funded components of the MOC-observing system are briefly described. The key points to note are that these studies will address the issues of whether the MOC is changing and how changes at high latitudes in the MOC propagate south in the Atlantic. In particular, the 26.5
• N line and the boundary array will help in determining whether advective or boundary wave effects or some combination of the two accomplish the transfer of the climate signal, while the transient tracers can help to unravel the effects of horizontal recirculations on that signal.
(a) Observing the MOC at 26.5
• N
The rationale for this project is that it is ultimately the ocean heat transport around 25
• -35
• N that is most relevant for climate. Much of the heat transported northwards in the Atlantic is given off to the atmosphere over the Gulf Stream extension (e.g. Isemer et al . 1989) , from where it is transported northeastward toward Europe by the atmosphere. Two characteristics of ocean heat-transport mechanisms are crucial. First, the ocean heat transport is mainly accomplished by the MOC (Hall & Bryden 1982; Ganachaud & Wunsch 2000) . Second, fluctuations in heat transport are expected to be dominated by fluctuations in the transporting velocity field, and only to a lesser extent by variability in heat content (Jayne & Marotzke 2001) . Thus monitoring the MOC will give insight also into the heat transport changes. Monitoring at 26.5
• N has the triple advantage of being close to the heat transport maximum in the Atlantic, of being the latitude of four modern hydrographic occupations, and of offering a long time-series of boundary current observations not available anywhere else (Baringer & Larsen 2001 ; work being continued under the NSF-funded study by Johns). Since it is not practical to monitor the MOC by constantly manning a hydrographic section across the ocean basin, an alternative approach is required.
The approach relies on a combination of moored arrays (temperature, salinity, currents and pressure), hydrographic lines, satellite observations (sea level, winds), the opportunistic use of float data, underwater-cable measurements (Florida Straits transport) and modelling to synthesize the observations. The starting point lies in applying geostrophy: geostrophic mass transport between any two points depends only on the pressure difference between these points; to estimate the MOC thus requires the continuous observation of density at the eastern and western boundaries, plus the establishment of a reference level. This idea has been implemented previously in various ways, though not in a systematic attempt to observe the MOC continuously (Whitworth 1983; Lynch-Stieglitz et al . 1999 • N, showing deployment of moorings at (a) the western boundary (the background is long-term averaged meridional velocity (Lee et al . 1996) ), (b) the Mid-Atlantic Ridge and (c) the eastern boundary. Marotzke et al . 1999 ). The 26.5
• N section has the fundamental advantage that the western boundary current (flow through the Florida Straits) can be measured relatively straightforwardly by underwater cable (Baringer & Larsen 2001 ) and regular calibration cruises. This makes the monitoring of the entire MOC equivalent to the task of monitoring the depth profile at which the flow through the Florida Straits returns southwards. Currently, its contribution to the MOC returns southwards at depths between 1000 and 4000 m (e.g. Roemmich & Wunsch 1985) ; dramatic shoaling of this return path would be equivalent to a collapse of the MOC (there is always expected to be wind-driven flow through the Florida Straits).
To monitor continuously full-depth density profiles at and near the eastern and western boundaries, eight full-depth moorings will be deployed (figure 1). Six of these will be equipped with a McLane Moored Profiler, taking roughly one CTD (conductivity, temperature, depth) profile every other day. The other two moorings will be conventional full-depth moorings with fixed-depth CTDs. All moorings would also be equipped with bottom pressure sensors, and some with current meters. These give added information for estimating the depth-independent part of the MOC that is not in thermal wind balance but dominated by high-frequency barotropic dynamics (Jayne & Marotzke 2001) . To test the array, two transoceanic-ship-based sections will be carried out to obtain hydrographic MOC estimates, towards the beginning and the end of the deployment period. The presence of the Mid-Atlantic Ridge (MAR) complicates the endpoint monitoring, because a pressure drop may exist across the ridge. Below the ridge crest, the sub-basins to the east and west therefore have to be monitored separately (figure 1). In addition, the sloping shelf-break topography, from the deep water to shallow depths, will be instrumented with CTDs, bottom pressure recorders (BPRs), and current meters, to obtain continuous observations at fixed depths. This provides an alternative vertical sampling strategy, and also helps to solve the so-called bottom-triangle problem (Whitworth & Peterson 1985) .
This monitoring system has been tested by being 'deployed' in two high-resolution ('eddy-permitting') numerical models, OCCAM (Webb 1996;  1 4
• resolution) and Phil. Trans. R. Soc. Lond. A (2003) FLAME (Dengg et al . 1999;  1 3
• resolution). The MOC is reconstructed based on a superposition of Ekman and thermal wind contributions (cf. Lee & Marotzke 1998) . Knowing the wind stress allows the determination of the Ekman transport from theory. It is assumed that the Ekman transport is compensated for by a spatially constant return flow across the section, so that there is no net meridional mass transport related to the zonal wind stress. The thermal wind balance allows the calculation of the vertical shear of the meridional velocity component between adjacent vertical density profiles, across the section. Integrating the shear from bottom to top yields a meridional velocity field. As for the Ekman transport, a spatially (but not temporally) constant correction is applied to the velocity field in order to ensure zero net meridional mass transport. The vertical profile of mass transport across the Florida Strait is assumed to be known (according to the information the underwater cable measurements and profiling sections could provide in the real Atlantic). Figure 2b , c demonstrates that the reconstruction does an good job in recovering the time history of the maximum MOC, at 26
• N. The FLAME analysis shows a slight bias of ca. 2 Sv, but the variability is very well reproduced. Figure 2d shows that the reconstruction reproduces the vertical structure of the MOC, as well as the evolution of the maximum. Figure 2e , f shows that it is both contributions to the reconstruction (thermal wind and Ekman) that are required to capture the total MOC. Other numerical tests of the system design (results not shown) suggest that it should be possible to monitor the MOC using this approach.
(b) A monitoring array along the western margin of the Atlantic
Here the aim is to monitor the propagation of signals along the western boundary of the North Atlantic. Boundary waves represent the rapid, integrated response of the mid-and low-latitude ocean to deep-water formation events at high latitudes, and should allow changes in MOC at mid latitudes (as seen by the 26.5
• N array, see above) to be attributed to their high-latitude sources. The overturning circulation can respond far more rapidly and directly to high-latitude forcing through boundary Kelvin waves, or more generally coastal-trapped waves (Huthnance 1978) compared to the advective effects (Pickart 1992; Dickson & Brown 1994) . The boundary waves remove unsupported boundary pressure anomalies, and rapidly and efficiently communicate MOC anomalies from high to low latitudes. This effect has been seen in a wide hierarchy of models, including highly idealized reduced-gravity models (Kawase 1987; Johnson & Marshall 2002a, b) , idealized ocean global-change models (GCMs) (Yang 1999) , global ocean GCMs (Goodman 2001 ) and the coupled ocean-atmosphere model HadCM3 (Dong & Sutton 2002) .
To monitor such changes, three clusters of combined BPRs and inverted echo sounders, measuring pressure and column-integrated sound speed, and profiling CTDs (HOMing Environmental Recorder or HOMER) will be deployed along the western margin of the North Atlantic, to detect MOC anomalies as they propagate equatorwards ( figure 3) . The instruments will be deployed along JASON altimeter tracks crossing the slope at about 43
• N, 52
• W (pass 191, downstream of the Grand Banks), 42
• N, 60
• W (pass 176, near Halifax), and 38
• N, 69
• W (pass 126, coincident with the WHOI section, NSF-funded Toole study; figure 3 ). The instruments will be placed at depths of 2-4.5 km in order to resolve the deep western boundary current (DWBC), and should detect the first signatures of changes in overturning being communicated from high to low latitudes. A simple calculation based on geostrophic transport integrals, together with the precision of the isopycnal height measurements, suggests that this system will be sufficiently accurate to measure DWBC transport to an accuracy of 1 Sv. This relies on assumptions about the impact of eddies, recirculations, and aliasing of high-frequency signals, which will only be properly assessed by detailed model studies and, a posteriori, from the field measurements. A preliminary assessment of the observational strategy has been made by examining the dynamical response along the western boundary to a perturbation in buoyancy forcing at high latitudes using an isopycnic model (Bleck & Smith 1990) . This experiment demonstrates that high-latitude forcing excites a downstream response at lower latitudes along the western boundary involving three phases: first, rapid (time-scale of months) communication involving changes in the pressure field induced by topographic waves; second, an intermediate time-scale response involving advective changes in layer thickness generated by local circulation anomalies; third, a slower basin-scale advective response (seen in the model by studying the arrival of transient-tracer signals, see figure 4) . Overall, the results show that the array should be able to detect such changes.
(c) Time-series of transient tracers in North Atlantic deep waters
The final component of the monitoring of the MOC is by way of a pilot project looking at the possibility of using transient tracers (SF 6 , 129 I) to monitor the spreading of waters from northern to mid latitudes. Two Aqualab autosamplers will be deployed on moorings in the North Atlantic to test whether it is possible to obtain adequate in situ tracer measurements. These samplers can collect 50 water samples over a period The layer is at depths between 3 and 4 km. In the perturbed case, the additional buoyancy forcing at northern latitudes leads to a layer thickness increase over the northern source region. This signal spreads southwards through a combination of a wave and advective response. Watson et al . 1999 ) at higher latitudes can be followed to lower latitudes, in particular as they are advected along the western boundary. This approach will complement the hydrographic and dynamical measurements described above and will allow the determination of recirculation pathways. It will also take advantage of the fact that the source functions for the tracers are changing rapidly (for example, 129 I is a product of nuclear-fuel reprocessing from northwest Europe, and its source rose rapidly through the first part of the 1990s, and has remained roughly constant since), thus allowing clear detection of signals.
(d ) Developing novel instruments
In addition to funding scientific projects, RAPID, through the Small Business Research Initiative, is also funding the development of novel instrumentation. This is to ensure that the instrumentation will be available in a timely manner. Two examples are HOMER-a bottom-mounted CTD-profiling system-and turbulence probes for use on autonomous profiling floats. HOMER is required for both the 26.5
• N line and the boundary array monitoring systems.
Speculating about future changes
One of the aims of the RAPID programme is to bring together different insights that might aid our understanding of rapid (abrupt) climate change. Therefore, is seems appropriate to end by speculating on one of many possible mechanisms that arise out of a number of recent insights into the ocean and climate system. The chosen example highlights some of the challenges that face any attempt to derive a coherent picture of rapid changes. The Agulhas current system feeds water from the Indian Ocean into the South Atlantic through the mechanism of oceanic eddies (rings) shed from the Agulhas Retroflection (south of Africa; see figure 1 of Quartly & Srokosz (2002) for a schematic). These rings move into the South Atlantic, transporting heat and salt, contributing to the so-called global 'conveyor belt' ocean circulation. At present, coupled climate models do not completely resolve the rings, so their influence on the MOC is not captured fully (see Treguier et al . 2003) . A simpler modelling study (Weijer et al . 2002) has shown that if this so-called 'Agulhas leakage' is stopped (which it probably was in times past), then the MOC becomes more susceptible to disruption by changes in freshwater input in the northern North Atlantic. The shedding of Agulhas rings is related to the flow around Madagascar: that flow being one of the sources of the Agulhas Current (Schouten et al . 2002a, b; Quartly & Srokosz 2002) . It has been observed from radar altimeter satellite data (Schouten et al . 2002b ) that the flow round Madagascar was disrupted in 1999 and that that, in turn, affected the Agulhas-ring shedding from early 2000. The Retroflection itself was more easterly during the period October 2000 to March 2001, with an apparent lack of ring shedding (Quartly & Srokosz 2002 ; see also figure 5). This disruption seems to be linked to the propagation of signals to Madagascar across the Indian Ocean associated with the 1997-1998 El Niño (Schouten et al . 2002b ; also figure 6). The above is known, so now consider some more speculative aspects. Global warming could lead to changes in El Niño: both in its frequency and amplitude (Cubasch et al . 2001) ; note that one of the RAPID projects is looking at changes in El Niño (Tudhope, table 1). These in turn might lead to a significant disruption of the Agulhas leakage and so make the Atlantic MOC more susceptible to rapid change associated with changes in northern North Atlantic freshwater fluxes. This scenario takes no account of any potential feedbacks in the system. However, it does point up a number of issues where our ability to study potential rapid climate change is lacking. First, current climate models do not capture the full effects of the oceanic mesoscale (rings, eddies, fronts), but the next generation may do so better. Second, the 1990s were a decade of unprecedented satellite observations of the ocean on a global scale. These have enabled the study of transoceanic signals that might affect the global circulation. However, a decade (or even two decades) of such observations is hardly adequate to unravel all the possible climate linkages in the ocean. Third, in situ observations of aspects of the Agulhas system (e.g. the flow round Madagascar) are sparse, as is also the case for many other parts of the global ocean circulation. This latter point is being addressed to some extent by the ARGO float programme (Roemmich & Owens 2000) , data from which will be used in RAPID.
It is clear that the RAPID programme in isolation cannot address all aspects of rapid/abrupt climate change. Instead it aims to make progress on a number of fronts (as described above; § § 2 and 3). In terms of observations, a key component of RAPID is the MOC-observing system, which will provide a unique insight into the circulation of the North Atlantic, in conjunction with other international observing efforts. By combining the observations with modelling and palaeo studies a better understanding of the potential for, and the ability to predict, rapid climate change should emerge from the programme. 
